This paper revisits the effect of the brain drain on development and inequality using a two-sector model with formal and informal labor markets. Contrary to existing studies, we use a search-and-matching setting that is consistent with the income and employment patterns of poor countries. Theoretically, the brain drain induces ambiguous welfare effects for those left behind. We thus parameterize our model on 33 sub-Saharan African countries and produce comparative results for each of them. We find that skilled emigration induces heterogeneous welfare losses for the low-skilled population. The size of these losses varies between 0.2 and 8%, and is influenced by country characteristics such as the productivity gap between sectors and the education technology. The results are fairly robust to identifying assumptions, to the inclusion of technological externalities, and to the endogenization of training decisions.
Introduction
How does skilled emigration affect development and the welfare of those left behind? This question has been the source of repeated and controversial statements in the literature for the last fifty years or so. The reasons why skilled emigration can hurt development in poor countries are well established. Nearly one in four college-educated adults born in a low-income country now live in the developed world; this human capital flight may deprive the sending country of the necessary resources to drive economic growth, to provide key public services, and to articulate calls for greater democracy. Yet, a more recent strand of literature has identified * The authors thank David de la Croix, Dalal Moosa, Bruno Van der Linden, Gerald Willmann and Anna Zaharieva for helpful comments. The second author acknowledges financial support from the European Commission under the auspices of the European Doctorate in Economics Erasmus Mundus framework, and to ARC 15/19-063 of the Belgian French-speaking Community. Correspondence: Frédéric Docquier: frederic.docquier@uclouvain.be; Zainab Iftikhar: zainab.kkhan@gmail.com.
positive spin-offs from skilled emigration. These include positive effects of emigration prospects on education decisions, remittances, or diaspora externalities (Docquier and Rapoport 2012) .
Given the lack of clear empirical relationship between human capital and development, other studies have challenged the view that human capital losses induce economic and welfare costs in the sending countries (Clemens 2015) . Consequently, the economic implications of the brain drain are still uncertain. A better understanding of the relationships between brain drain, human capital and development is necessary before getting to the bottom of the dilemmas that the brain drain poses.
In this paper, we model these relationships using a two-class, two-sector model with a formal and an informal sector. The informal economy captures activities that are not taxed, monitored by any form of government, or included in official statistics, but that lead to economic transactions between agents. It represents about 40 percent of the recorded gross domestic product (GDP) in low-income countries, and attracts more than 50 percent of the labor force (Schneider 2005 ). 1 Informal activities are mainly characterized by low-skilled intensive technologies and provide a precious source of income to those who cannot find a job in the formal economy. By draining many low-skilled workers, informality changes the skill structure of the labor force in the formal sector, and limits the size of the labor market interactions between the highly skilled and the less educated. The informal sector also drains some high-skilled workers who cannot find regular jobs in accordance with their qualifications. Acting as a buffer, informality attenuates or neutralizes the economic effects of emigration-driven changes in human capital; this may be why returns to schooling, low-skilled wages and GDP per worker poorly respond to human capital changes in poor countries (Docquier et al. 2017 ). Yet, the labor market interactions between the formal and informal sectors are badly understood. Some models assume competitive labor markets and perfect mobility of workers between sectors; they fail to explain why a large income differentials exist between sectors, or why informality attracts workers from all skill groups. This paper proposes an alternative search-and-matching model a la Pissarides (2000) , which is compatible with these facts. We use it to study how the brain drain affects the welfare of those left behind, with or without positive spin-offs from emigration. We parameterize our model on 33 sub-Saharan Africa economies. Accounting for country-specific characteristics, we produce comparative estimates of the welfare and inequality effects of the brain drain.
This paper is at the crossroad of three strands of literature. The first is the literature on brain drain and development. It started in the 1960s with the works of Scott and Grubel (1966) or Berry and Soligo (1969) , which confront the negative and positive implications of the brain drain for the sending countries. Then, the theoretical literature of the 1970s and 1980s mainly focuses on the negative effects linked to the actual loss of human capital and to high-skilled emigration prospects. The mechanisms include labor market effects, fiscal losses, and later, the aggregate productivity responses (Bhagwati and Hamada 1974; Bhagwati and Rodriguez 1975; Rodriguez 1975; McCulloch and Yellen 1977; Miyagiwa, 1991; Haque and Kim 1995) . A newer wave of studies has emerged since the mid-nineties; it discusses the ambiguous effects of the brain 1 A joint study by ILO/WTO (2009) estimates that informal employment represents 55.7% of the total employment in sub-Saharan Africa. Similarly, Verick (2008) and the UN's commission for Africa (2015) report that informality accounts for 70 percent of employment in sub-Saharan Africa. Chen (2001) estimate that 93 percent of the new jobs created in sub-Saharan Africa were created in the informal economy. African Union (2008) reports that the informal employment share exceeds the share of employment in the formal economy in Kenya and Uganda. In Ghana, almost 90 percent of the labor force is employed in informal activities.
drain on human capital accumulation (Mountford 1997; Stark et al. 1997 Stark et al. , 1998 Beine et al. 2001 Beine et al. , 2008 and highlights other externalities due to the presence of a diaspora abroad (Docquier and Rapoport 2012) . The main contribution of the new literature is that it is evidence-based, something which was not possible until recently due to the lack of decent comparative data on international migration by educational attainment. Our approach accounts for most of the ingredients of this literature.
The second strand of literature investigates the relationship between informality and development. Informality can generate vicious circles through different channels. de Paula and Scheinkman (2010, 2011) emphasize the role of value-added taxes in transmitting informality through chain effects -the informality of a firm is correlated with the informality of firms from which it buys or sells. In Zenou (2008) and Leal Ordonez (2014), informality reduces the amount of fiscal revenues that the government can allocate to social protection; in turn, this affects the attractiveness of the formal economy through greater tax rates or smaller social benefits. Murphy et al. (1989) or Krugman (1991) model firms' choice to operate formally or informally; due to fixed costs of entry, operating formally is profitable if the demand for the goods produced is large enough (i.e., when other firms industrialize and pay higher wages). In these frameworks, the predominance of informality can be seen as a result of a coordination failure. In a dynamic framework, Docquier et al. (2017) investigate the link between informality, education decisions and long-run growth. By absorbing a large share of the low-skilled labor force, the informal sector limits the skill premium in the formal sector; in addition, it facilitates child labor. Faced with lower skill premia and easier access to child labor, parents tend to choose less schooling for their children. Informality can slow down this convergence process or it can be the source of a poverty trap. The quantitative analysis reveals that the case for the poverty trap is stronger. Our model shares many ingredients with the latter study, but formalizes labor movements between the formal and informal sectors using a search-and-matching framework. Search-and-matching modelsà la Pissarides (2000) are widely used to study issues related to labor markets as they are considered to be based on more realistic assumptions. 2 The standard model assumes that the labor markets are not centralized, and that there exists no single price that is accepted by large number of buyers and sellers in labor market for trading. Instead, there are periods of involuntary unemployment and job search for workers. The wage rate is not equal to the marginal product of labor; there are profits and the marginal product of labor is shared by firms and workers. The income shares of workers and firms are decided through bargaining.
Firms on the other hand have to pay cost for maintaining vacancies.
In our model, skilled emigration not only affects the marginal productivity of low-skilled and high-skilled workers in the home country. It also influences the duration and profitability of a vacancy, the process of job creation in the formal sector, and the outside options of workers.
Hence, wage responses are not only due to changes in the marginal product, but also to changes in outside options. Our search-and-matching model allows endogenizing the share of highly skilled employed in the informal economy as well as the large wage gap between sectors. Although the informal economy is recognized for being low-skilled intensive, the trend is changing and educated workers also seek for informal jobs (Verick, 2008) . In Latin America, high-skilled workers accounted for about 12 percent of informal employees in 2005 (ILO/WTO, 2002), and informal wages were 44% smaller compared to those of the formal sector (ILO, 2002) . To the best of our knowledge, there are no comparable figures for sub-Saharan Africa but there are some facts suggesting the presence of high skilled workers in the informal economy. In the past decades, only 37 million jobs were created between 1990 and 2010 and 28 percent of them were created in the formal sector in sub-Saharan Africa (McKinsey 2012). African economies are expected to record over 122 million entries into the labor force between 2010-2022 while only 72 million formal jobs are expected to be created. This gap between the number of formal jobs available and new entrants into labor market suggests that high-skilled workers will have to seek work in the informal economy. According to Verick (2008) many young workers with secondary or college education end up in the informal economy due to limited opportunities in the public sector and due to labor mismatches in the manufacturing and service industries.
Studies by Haan (2006) and Walther (2006) also suggest the presence of high skilled workers in the informal sector of African countries.
In the first part of the study we show that under a competitive formal labor market and free mobility between sectors (as in Docquier et al. 2017 ), the brain drain has no impact on wage rates and inequality. The effects are totally absorbed by changes in informal employment, which acts as a perfect buffer zone at low levels of development. Nevertheless, competitive economy fails to explain the observed patterns of informality and wage differential across the two sectors. Then, in the second part of the study, we add search frictions and endogenize the wage differentials across sectors as well as involuntary informal employment using a search-andmatching model. The theoretical model yields ambiguous effects of brain drain on informality.
We thus parameterize the model on 33 sub-Saharan African countries and conduct a comparative quantitative analysis. The benchmark version of the model disregards any form of technological or educational externality. In this context, high-skilled wages increase almost linearly with emigration, while the wage losses for the low skilled considerably vary across countries. In particular, they depend on the education technology and on the productivity gap between sectors.
Countries with better education technology and smaller productivity gap lose more in terms of income, unemployment and inequality. The results are more pessimistic if total factor productivity increases with the average level of schooling in the home country. On the contrary, allowing productivity to increase with the diaspora abroad induces slightly smaller labor market responses. In another extension of the model, we endogenize social mobility and account for brain gain effects in line with Mountford (1997) and Beine et al. (2008) . A growing empirical literature shows that incentives for human capital accumulation in developing countries are based to a significant extent on migration opportunities. 3 The income loss of the brain drain is reduced by about 20% for the low-skilled when the model is calibrated to match the elasticity of training decisions to skilled migration prospects. Nevertheless, our qualitative findings remain 3 Using data on 127 developing countries, Beine et al. (2008) estimate that a doubling of a country's emigration rate of highly-skilled workers is associated with a 5% increase in the stock of human capital possessed by its nationals. Studies by Chand and Clemens (2008) robust.
The remainder of the paper is organized as follows. Section 2 presents the model with exogenous total factor productivity levels and education decisions, discusses its parameterization, and quantifies the cost of the brain drain. Section 3 discusses extensions with endogenous total factor productivity levels and human capital accumulation. Finally, Section 4 concludes.
Benchmark model
We consider a developing economy with two types of infinitely-lived individuals (the highly skilled and the low-skilled, denoted by S = (H, L)) and with two production sectors (the formal and the informal, denoted by F and I). For simplicity, we assume that firms in the two sectors produce the same final good. Our model disregards fiscal aspects and sees informality as a subsistence sector, a relevant assumption for low-income countries. Individuals are mobile across sectors and heterogeneously mobile across countries; low-skilled workers cannot emigrate while an exogenous fraction p of the high-skilled population emigrate at each moment in time. We first describe the population dynamics and the benchmark technological assumptions in Section 2.1. Then, we investigate the welfare implications of skilled emigration under the competitive labor market in Section 2.2. We then revisit the brain drain effects using a search-and-matching model in Section 2.3. In the latter setting, we focus on the steady state of the economy.
Population and technology
We consider an exponential population growth framework in which each group S of individual exhibits an instantaneous natural growth rate equal to g S (reflecting exogenous fertility decisions and mortality rates). In addition, at each moment in time, an exogenous fraction ρ of the lowskilled population becomes high-skilled, while an exogenous fraction p of high-skilled individuals emigrates to a rich country (as in Mountford 1997; Stark et al. 1997 Stark et al. , 1998 Beine et al. 2001 Beine et al. , 2008 ). An extension of the model with endogenous social mobility will be considered in Section 3. The dynamics of population is governed by:
where · X = dX/dt, L and H stands for the low-skilled and high-skilled populations, and M represents the stock of emigrants.
A balanced growth path for the population is reached when the size of the three groups of individual grows at the same rate g:
Denoting the economy-wide skill ratio by Z ≡ H/L, and the proportion of high-skilled expatriates by P ≡ M/H, the balanced growth path condition can be rewritten as:
In the benchmark version of the model, we assume that g L , g H , p and ρ are exogenous, and we write g H = ng L (where n < 1 captures the population growth differential between high-skilled and low-skilled individuals). Hence, the long-run rate of the population growth, g = g L − ρ, is exogenous. On the balanced growth path, Z and P are constant. Their steady state levels are
given by:
The economy-wide skill ratio increases with ρ and n, and decreases with g and p. In particular, the no-migration (i.e., p = 0) level of the skill ratio can be defined
The proportion of high-skilled expatriates increases with p and decreases with g. We impose p < g. If g is small, a small instantaneous rate of emigration p can give rise to a large proportion of expatriates in the long-run. In the no-migration economy, P 0 is nil.
Non-migrant workers can be employed in two sectors, the formal economy and the informal economy, where a homogenous final good is produced. The market for the final good is perfectly competitive and the price of the final good is used as the numéraire. The share of type-S workers employed in the informal economy is denoted by i S . These shares are endogenous, as explained in the next sections. Hence, the (endogenous) skill ratios in the informal and formal economies are given by:
We now characterize the technological environment. Alternative technological assumptions will be used in the robustness analysis (Appendix C). In the benchmark model, the quantity of final good Y I is produced using a linear technology:
where A I measures the level of total factor productivity (TFP), L I = i L L is the number of lowskilled employees, and H I = i H H is the number of high-skilled employees. Labor productivity in the informal sector is independent of education. The marginal productivity of each worker is equal to A I . The labor market in the informal economy is competitive.
The formal economy corresponds to the modern sector that fully exploits the complementarities between workers. Following Acemoglu (2001), we assume that the final good Y F is produced using a CES combination of intermediate inputs, Y L and Y H , which are produced by low-skilled and high-skilled workers, respectively:
where A F is the TFP level in sector F , α is a parameter governing the preference for the two inputs and their income shares, σ is the elasticity of substitution between the two intermediate goods. Given the assumption of perfect competition on the market for final goods, the price of each intermediate good is equal to its marginal product, y S ≡ ∂Y F /∂Y S . Inputs are produced using a linear technology and equal the number of workers employed in the sector,
and Y H = (1 − i H )H. Hence, the marginal products of each input can be written as: 
Competitive labor market: informality as a buffer zone
We first derive the optimal allocation of the labor force and the welfare implications of emigration under a competitive labor market in the formal sector. Perfect competition implies that the wage rates are equal to the marginal products in all sectors and for all categories of workers: ω S = y S in the formal sector, and ω I = ψA F in informality. We first characterize the condition under which the informal sector exists and describe the optimal allocation of the workforce. Then, we study the macroeconomic and welfare implications of skilled emigration under the informality regime.
The model with competitive labor market generates two possible regimes. The first one, the informality regime, is obtained when output and employment are positive in the informal economy; the second one, the formal regime, is obtained when all workers are employed by formal firms. The condition under which the informality regime emerges requires full employment in the formal economy to be suboptimal for at least one category of worker. In particular, given (4) and (5), full employment in formality is suboptimal for low-skilled workers if the economy-wide skill ratio, Z, is smaller than a critical level:
where the critical level of the skill ratio, Z F (ψ, α), is an increasing function of ψ. For example,
, which is positive if ψ > α 2 . A change in ψ induces convex effects on
When condition (7) holds, a fraction of the low-skilled labor force finds it optimal to work in the informal sector. If ψ = 0, this condition never holds as Z F (0, α) is negative. However, when ψ is large enough, low levels of human capital translate into positive informality employment.
The movement stops when wages are equalized across sectors, i.e. when Z F = Z F (ψ, α). At this level of the skill ratio, the wage rate of the highly skilled exceeds the low-skilled wage if
If condition (8) holds, high-skilled workers are better paid in the formal economy. They receive a salary ω H = Θω I with Θ =
This implies i H = 0. As for the low-skilled, the equilibrium share of informal employment is such that Z F = Z F : using (3), this implies
> 0, which decreases with Z (i.e., increases with p given Eq. (1)). Let us denote the average instantaneous income of type-S workers as:
while w (without skill subscript) represent the average income of non-migrants (a weighted sum of w L and w H ).
We thus obtain the following result:
Under a competitive labor market and under the conditions
σ , the informality regime arises for any level of p. The skill ratio in the formal economy is constant. The skill-specific wage rates and the average instantaneous income levels are independent of changes in the emigration rates (
. The brain drain has no effect on inequality between skill groups. It increases the informal employment share of the low-skilled ( ∂i L ∂p > 0), but induces no income loss.
The condition Z 0 < Z F (ψ, α) means that a complete repatriation of high-skilled emigrants does not induce a regime switch from informality to formality; given (1), this is the case if ρ is sufficiently small. Figure 1 illustrates the mechanics of the model with a competitive labor market in the formal sector. The top-right panel shows compares the marginal productivity of low-skilled workers in both sectors. At the critical level Z F , the wage rates are equal. If Z 0 < Z F , the wage rate of low-skilled workers equals ψA F and the informality regime arises.
The bottom-right panel shows the equilibrium level of human capital in the formal economy,
we have Z F < Z F and the informal employment rate is proportional to the difference Z F − Z 0 (the red area). By reducing human capital from Z 0 to Z p , the brain drain increases the size of the informal economy but has no effect on the low-skilled wage rate. The bottom-left panel gives the marginal product of the highly skilled as a decreasing function of Z F . Under the informality regime, the wage rate of the highly skilled is constant. Finally, the top-left panel represents the wage gap between high-skilled workers and the less educated.
Proposition 1 does not imply that the brain drain has no impact on macroeconomic performance. Let us define the average informality rate (share of informal employment in total The steady state levels of these variables are given by:
By reducing Z, the brain drain increases the average share of informal employment di dp > 0 , decreases recorded and national income per capita dY r dp , dY n dp < 0 , but has no effect on the level of income per worker in the formal economy, on skill-specific wages and on income inequality dY w dp , dω S dp , dΘ dp = 0 . This is because the migration-induced changes in the economy-wide skill ratio have no effect on Z F , the skill ratio of the formal sector. Similar predictions are obtained if emigration prospects induce limited changes in human capital, or if the brain drain gives rise to technological externalities that jointly affect the two productive sectors (leaving ψ unchanged).
Such a competitive economy is incompatible with some observed patterns of informality.
First, it implies that low-skilled workers receive identical earnings in both sectors; the empirical literature has shown that significant wage disparities exist between the two sectors and for workers with similar skills (ILO 2002). Second, it implies that informal firms only employ lowskilled workers; although the average skill level is smaller in the informal sector, the empirical literature evidences the presence of high-skilled workers and entrepreneurs (Haan 2006; Walther 2006; Verick 2008) . Third, the model predicts that a rising productivity gap between the two sectors (i.e., fall in ψ) induces large movements of workers between sectors; the empirical literature has shown that convergence in manufacturing productivity did not translate into large labor movements and convergence in recorded income per capita (e.g., Rodrik 2013). For these reasons, the next section revisits the welfare implications of the brain drain in a model with labor market frictions.
Labor market with search and matching
We now consider an alternative search-and-matching model that is compatible with (and endogenizes) income disparities between sectors for each skill group. All workers have the option to search for a better-paid job in the formal sector. If the individual does not get a job in the formal sector, she works in informality. Hence, the informal economy consists of a subsistence sector that overcomes the lack of a sound, public unemployment insurance scheme. We assume all informal employees search for a formal job and are matched with vacancies through a matching function F (I S , V S ) at each moment in time. The matching function exhibits constant returns to scale; I s is the total number of type-S employees in the informal sector (i.e.
I L = i L L, and I H = i H H), and V S is the total number of vacancies available for type-S workers.
Practically, we consider a standard Cobb-Douglas function with identical elasticities (both are equal to 0.5, in line with the existing literature):
where µ S is a scale factor.
The job finding rate for workers in each period is given by
where θ S is the market tightness and is equal to
. The vacancy filling rate q(θ S ) is given by:
Firms pay a cost k S for hiring a type-S worker. The cost is skill specific and includes among others, advertising costs, interview arrangements, initial training, time and resources invested by the firms to find a worker as well as the forgone output while maintaining the vacancy. For simplicity, we assume job search cost for workers and costs for creating a vacancy to be nil. We also disregard tax rates or severance payments both for simplicity and because of the lack of data.
Search-and-matching equilibrium for low-skilled workers. -Let Ω F,S and Ω I,S represent the lifetime value of formal employment and informal employment for type-S individuals, respectively. For low-skilled workers, these values are defined as:
where δ L is the exogenous job destruction rate for low-skilled workers (at this rate the employed low skilled workers lose their jobs and go back into the pool of informal employees); r is the discount rate; ω L is the wage rate paid by formal firms, and ω I is the outside option in informality;
at the rate ρ, the low-skilled become highly skilled, lose the low skilled job and enter into the pool of highly skilled informally employed workers (implying a loss of Ω F,L , and a gain of Ω I,H ).
Similarly, an informal employee may also become high skilled with an exogenous probability ρ.
In the latter case, the agent loses Ω I,L and gains Ω I,H .
It follows that:
In equilibrium Ω F,L > Ω I,L . Hence, workers in informal sector always find it advantageous to search for a formal job and to accept a job offer from a formal firm.
As far as firms are concerned, let Φ V,L denote the present value of a vacancy, and Φ F,L be the present value of filled job for a low-skilled workers. These values are given by:
where y L is the marginal product of low-skilled workers, δ is the job destruction rate, and ρ is the rate at which the low-skilled become highly skilled and find a job in the high-skilled sector (consequently, jobs in the low-skilled sector become vacant at the rate δ + ρ).
On the balanced growth path, free entry implies that Φ V,L = 0 or, equivalently:
.
Hence, the job creation condition can be written as:
which determines the equilibrium level of market tightness (θ L ). This condition states that in equilibrium, the marginal benefit from a filled vacancy is equal to the marginal cost of opening a vacancy.
The wage rate is determined through Nash bargaining:
where β L is the bargaining power of low-skilled workers. Solving for the low-skilled wage gives:
It is simply a weighted average of the wage of the informal sector and the marginal product in the formal sector.
As for the share of informal employment, its dynamics is governed by
On the balanced growth path,
L , the steady state condition implies that:
Search-and-matching equilibrium for high-skilled workers. -We proceed the same way for high-skilled workers, accounting for the fact that they emigrate abroad with a probability p. Let Ω F,H , Ω I,H and Ω * represent the lifetime value of formal employment, informal employment, and employment abroad, respectively. We have:
At the rate p, high-skilled workers leave their jobs from any of the two sectors and go abroad to work. We assume the home country to be small; hence, Ω * is unaffected by the labor market conditions in the home country. The wage of high skilled workers is denoted by ω H . Since a worker can find a job abroad during employment in the informal sector or during her job in the formal sector with the same probability, p appears both in her employment and informal employment asset value functions.
As far as firms are concerned, the present values of a vacancy (Φ V,H ) and of a filled job (Φ F,H ) are given by:
where y H is the marginal product of the skill-intensive intermediate input. The vacancy is filled at a rate q(θ H ).
On the balanced growth path, the free entry condition implies that Φ V,H = 0, or equivalently:
so that the job creation condition writes as:
where β H is the bargaining power of high-skilled workers.
Solving for the high-skilled wage gives:
while the equilibrium share of informal employment requires
This implies:
Definition of the general equilibrium. -We can define the steady state, general equilibrium of our search-and-matching model by combining the technological characteristics of the economy, the conditions governing population dynamics, and the labor market equilibrium conditions for both types of workers. This gives:
Definition 1. For a set of country-specific parameters {g, n, ρ, p, σ, α, r, β, A F , A I } and a set of skill-specific parameters {δ S , k S , µ S } S=(H,L) , the steady state equilibrium of the search-and-
, ω H } of ten endogenous variables satisfying the following ten conditions: (i) the optimal composition and allocation of the workforce is given by (1) and (3), (ii) the profit-maximizing levels of marginal productivity are given by (5) and (6), (iii) and the search-an-matching equilibrium conditions are (11) , (12), (13), (14), (15) and (16) .
The other variables of the model can either be computed as a transformation of the parame-ters (e.g., ω I = A I , ψ = A I /A F , P = p/g) or can be computed as by-products of the endogenous variables (e.g., w S combines ω S and i S using Eq. (9)).
Effect of the brain drain. -How does the brain drain affect the steady state of the economy and the welfare of non-migrants? First, in Eq. (1), skilled emigration changes the composition of the labor force. For given informality rates, this induces first-order effects on the composition of the labor force in the formal economy (see Eq. (3)), and subsequent changes in the marginal products of intermediate goods, governed by Eqs. (5)- (6) . The size of these first-order effects on the marginal products depends on the elasticity of substitution between intermediate goods:
changes in y S are small if σ is large, and conversely. Second, changes in the marginal products translate into changes in market tightness and wage rates; these changes are obtained by solving
Eqs. (11)- (12) for the low-skilled, and by solving Eqs. (14)- (15) for the highly skilled. Third, emigration has a direct negative effect on the expected values of a filled vacancy and of accepting a formal job which affects market tightness and wage. Finally, changes in market tightness affects informality rates, as shown in Eqs. (13) and (16), with second-order effects on Z F and on the marginal products of intermediate goods.
The model is strongly non linear and a closed-form solution cannot be identified. However, to shed light on the mechanics of the model, let us dissect the labor market responses. For the low-skilled population, the equilibrium value of y L − w L can be derived from (12) and from (11); equalizing them gives:
For the highly skilled, the equilibrium value of y H − w H can be derived from (15) and from (14); equalizing them gives:
where λ H is at the equilibrium level of θ H .
We have:
Proposition 2. Under a search-and-matching labor market, the informality regime arises for any level of p. The effect of the brain drain on inequality between skill groups depends on the substitutability between high-skilled and low-skilled intermediate goods in the formal economy. If the elasticity of substitution is large, it decreases inequality (making high-skilled, non-migrants worse off ). If the elasticity of substitution is small, the brain drain most likely increases inequality between skill groups (making low-skilled workers worse off, and high-skilled, non-migrants better off ).
We now demonstrate this result. The wage of the high skilled can also be expressed as follows
ω H is strictly decreasing in p but increasing in θ H . The informality of high skilled can be expressed as follows 4 We use λS(θs) = µS √ θS and λS(θs)qS(θs) = µ 2 S from (10).
Here informality of high skilled is strictly increasing in p while decreasing in θ H .
If σ is large, there is no effect of p on y H . But an increase in p means high skill workers quit more frequently, so the present value of profits for firms is falling. Firms push a part of these losses towards workers via bargaining, so ω H is falling. This is the direct effect. In addition, because of lower profits firms open less vacancies, so the market tightness θ H is falling. This is the indirect effect, which leads to worse outside opportunities of workers and reduces wages of high skill workers even further. As for informality of high skilled, it can be noticed from 18 that a rise in p has a direct negative effect on i H while an indirect negative effect through falling θ H .
Both effects increase i H . On the other hand y L does not vary and the brain drain has no effect on the labor market outcomes of low-skilled workers. So, with infinite elasticity of substitution between high-skilled and low-skilled workers increased brain drain reduces inequality by making high skilled workers worse-off.
If σ is small, brain drain increases y H . An increase in the marginal product of the skillintensive input increases profits from high skilled vacancy and θ H increases. At the same time a rise in p has a direct negative effect on the value of filled high skilled job. The profits from high-skilled jobs decrease and θ H may decrease as well. Hence, ω H may increase with p due to rise in y H and improved outside options but if the negative effect of p on θ H dominates its positive effect on θ H then ω H may fall. Since the high skilled workers are scarce in these countries we expect the rise in θ H due to a higher y H effect to dominate and lead to a higher wage and lower informality of high-skilled workers. We now turn our attention to the low skilled. When p increases, the first-order effect is channelled by the marginal product of low-skilled workers.
Due to a decline in the number of high-skilled workers, y L decreases. A fall in y L reduces the profits from low-skilled jobs and the level of θ L declines. Hence, the value of outside option decreases as well, all of this deteriorates ω L and i L rise as well. For a finite sigma as explained above that y H rises after brain drain but variation in θ H is uncertain. In case of a higher θ H inequality increases between the two groups making non-migrant high-skilled workers better-off while low-skilled workers worse-off.
We see from the discussion above that once labor market frictions are included into the model, the inequality response to the brain drain becomes somewhat ambiguous. Numerical simulations can thus be used to identify which of these two outcomes is the most plausible.
Quantitative analysis
Our benchmark model is parameterized to match the economic and socio-demographic characteristics of 33 sub-Saharan African economies in the year 2010, which is meant to represent the steady state. The choice of 33 countries is guided by data availability; more precisely, we select sub-Saharan African countries for which estimates of the informality shares in employment and value added are available. We parameterize the model to match the population structure of each country, its recorded level of income per capita, as well as its shares of informality in employment and in the value added. Once the model is calibrated, we quantify the effect of the brain drain by simulating a counterfactual search-and-matching equilibrium with p = 0. In this section, we describe the parameterization strategy and discuss the simulation results. We check the robustness of our results to a number of identifying assumptions and to the technological environment in Appendix C.
Paramaterization. - Table 1 summarizes the calibration outcomes (see Table A1 in the Appendix for more details). The model includes six parameters that we consider identical across countries. Using data from Kremer and Chen (1999), we compute the differential fertility in 1985-89 for 26 developing countries. The correlation between country-specific fertility differentials and the human capital of women is low (0.14). We thus consider the fertility differential as independent of the level of development. The average fertility differential g H /g L between highskilled (i.e., college graduates) and low-skilled workers (i.e., the less educated) equals 0.605; it shows little variations across countries. We use the value n = 0.605 in all countries. As far as the elasticity of substitution between intermediate goods is concerned, we use the elasticity of substitution between high-skilled and low-skilled workers estimated by Ottaviano and Peri (2012) for a one-sector model; this gives σ = 2. For the interest rate, we use the average t-bill rate for The model also includes eight parameters that vary across countries to match some moments for the year 2010. We collect data on official GDP and on the working-age population size and growth rates (g) from the World Development Indicators (World Bank, 2016) , and data on the proportion of college graduates in the labor force from Artuç et al. (2015) . We combine them with data on informal employment as percentage of the labor force, and informal activities as percentage of official income from Schneider (2012). The latter database does not distinguish informal workers by education level; in the benchmark simulations, we assume that the informal employment rate of college graduates is half the informal employment rate of the less educated (i.e., i H = 0.5i L ). 5 This allows us to proxy the size and the skill structure of the labor force in each sector, as well as the average levels of income per worker. The TFP levels in the formal and informal sectors, A F and A I , match these average income levels, while α is calibrated to match the wage ratio between college graduates and less educated workers, as estimated in Welfare effect of the brain drain.-We use the parameterized model to quantify the welfare and inequality effects of skilled emigration. To do so, we simulate the hypothetical searchand-matching equilibrium assuming a zero emigration rate for the highly skilled. On Figure 2 ,
we plot the effect of the brain drain (measured as the relative difference between the observed equilibrium value and the no-migration counterfactual equilibrium value) on the vertical axis, and the observed proportion of high-skilled expatriates (P ) on the horizontal axis. A positive variation on the vertical axis means that the brain drain increases the level of the variable of interest. Note that all results in Figure 2 are also reported in Table A2 in the Appendix. (9)). The effect of the brain drain is negative in all countries and the loss increases with the intensity of migration. However, the coefficient of correlation between ∆w/w and P only amounts to 0.5; this suggests that the average welfare effect of the brain drain is not only determined by P , but also depends on other country characteristics. For example, the greatest income loss amounts to 12.1% in the Democratic Republic of Congo, which only has 15% of its college-educated natives abroad; by comparison, the average income loss equals 4.2%
in Gambia, where P amounts to 68%. Figure 2 .b represents the inequality response to the brain drain; inequality is proxied by the ratio of average income between high-skilled non-migrants and the low-skilled (w H /w L ). The inequality effect of the brain drain increases linearly with P , and the correlation with P is close to unity. The largest effect is obtained in the Gambia (+69.7%), while Burkina Faso exhibits the smallest response (+3.2%).
Figures 2.c and 2.d depict the effect on the average income of low-skilled and high-skilled workers (i.e., w L and w H , respectively). As far as high-skilled workers are concerned, the effect is always positive and proportional to the size of the brain drain (correlation of 0.99 with P ).
The income response is large, reaching 67% in the Gambia. This is due to the fact that the proportion of high-skilled is small in sub-Saharan African countries (between 2 and 5%). Hence, these countries produce a low quantity of skill intensive, intermediate goods, and the marginal 5 Alternative identifying assumptions are used in the robustness checks in Appendix.
productivity of these goods is large. In other words, a small decrease in the number of highly educated workers induces large aggregate productivity changes in the formal sector. The semielasticity of the average income of the high-skilled to P is close to unity. On the contrary, the welfare response for the low-skilled is strongly heterogeneous across countries, and less correlated with P (correlation equal to -0.58). This is clearly in line with Figure 2 .a. As stated above, the low-skilled population represents between 95 and 98% of the labor force in developing countries;
income responses for the low-skilled are almost equal to the average income response of the whole population. This suggests that the parameters governing the search-and-matching equilibrium matter for the low-skilled. Dissecting cross-country disparities.
-We now focus on the average monthly income of the low-skilled, and investigate the source of cross-country disparities in the response to the brain drain (as shown on Figure 2 ). Our model includes eight country-specific parameters that influence these responses. These parameters can be grouped into three subsets: X Z = {ρ, g} are parameters governing human capital accumulation, X M = {µ L , µ H } are parameters governing the effectiveness of the matching process, X T = {A F , α, ψ} are parameters reflecting technological differences across countries. The generic function governing the income response to the brain drain for the low-skilled can be expressed as:
To identify the role of each set of country characteristics, we simulate the country specific changes in the average monthly income of the low-skilled for all parameters' subsets X jointly set at the median (X med ), and for each subset of parameter set at its median value one at a time. We obtain four counterfactual vectors of variations in expected income (each vector includes 33 country-specific simulation results), denoted by Figure 3 shows the results of these counterfactual experiments, which can be easily compared to the baseline results in Figure 2 .c. Figure 3 .a shows that R A is a smooth convex function of P : if all countries shared the same characteristics, the average income loss for the low skilled could be almost perfectly predicted using a quadratic function of P . The R-squared of this P -trend, quadratic regression on 33 observations equals 0.965. 6 To identify the role of country characteristics, similar regressions 6 Note that the R-squared reaches 0.998 when assuming that vacancy costs remains proportional to the wage rate of the formal economy in the no-migration equilibrium. In the baseline model with country-specific characteristics (see Figure 2 .c), conducting a similar quadratic regression generates a R-squared of 0.457 only (i.e., the quadratic can be ran using R Z , R M or R T as a dependent variable. Figure 3 .b shows that the relationship between R Z and P becomes smoother after neutralizing cross-country differences in human capital accumulation; the R-squared of the quadratic regression on P equals 0.737. Similarly, the R-squared reaches 0.700 after neutralizing technological differences between countries (see In Table A4 in Appendix B, we compute the R/R A ratio for all countries, and we identify the difference with the baseline when each subset of parameter is set at the median. When adding the contribution of each parameter set (i.e. R − R Z , R − R M and R − R T ), the sum exhibits a correlation of 0.863 with R − R A ; the difference is due to general equilibrium effects or equivalently, due to the interactions between the channels of transmission of brain drain shocks.
We identify 15 countries where R/R A is greater than 4/3 (i.e., defined as countries where the cost of the brain drain is above the trend) or smaller than 3/4 (i.e., defined as countries where the cost is below the trend). For these 15 countries, Table 2 identifies the main cause(s) of the deviation (i.e., the set(s) of characteristics that explain(s) the deviations from a normal response). With the exception of Zimbabwe, the contribution of the matching process is usually approximation poorly explains cross-country disparities).
small. On the contrary, the contributions of educational and technological parameters mostly govern the cost of the brain drain for the low-skilled. Countries exhibiting brain drain costs above the quadratic P -trend have a better educational technology (i.e., ρ is large or g is small), and a large productivity gap between sectors (i.e., A F is large or ψ is small). In these countries, the informal sector is less productive and emigration-driven shocks on human capital are mostly absorbed by the formal economy (as it would be the case in a one-sector model). This group of countries includes Bostwana, the Republic of Congo, Cote d'Ivoire, Guinea, Namibia, Tunisia and Zimbabwe. Countries exhibiting brain drain costs below normal exhibit poor education systems (i.e., ρ is small), and a small productivity gap between sectors (i.e., A F is small or ψ is large). This group includes Chad, the Gambia, Lesotho, Malawi, Mali, Niger, Rwanda and Uganda). In these countries, the informal economy acts as a buffer zone, which attenuates the effect of the brain drain. The role of the productivity gap is intuitive. In countries where the productivity gap between the two sectors is small, it is less costly for low-skilled workers to leave the formal sector. Similarly, in countries with better education technology the low skilled have a higher marginal product in the formal sector and hence higher wage than in the countries with the worse education technology. So, the brain drain driven decline in θ L in all countries leads to a bigger wage loss to low-skilled in countries with better education technologies.
Tab. 2. Brain drain effect above vs. below the P-trend 
Additional mechanisms
We now investigate whether the income responses to skilled emigration are affected by technological externalities (i.e., by TFP responses to emigration) and endogenous training decisions.
The size of technological externalities and of the emigration-driven incentives to educate has generated a certain level of debate in the literature. We use here simple specifications for the externalities and optimistic elasticity levels that can be found in the literature. We then check whether such spillover effects influence the size of the welfare responses to skilled emigration.
Extension with endogenous productivity. -We consider two types of externalities and two scenarios regarding their sector-biased structure. We first consider a standard schooling externality, assuming that TFP increases with the skill ratio in the whole economy. In the first variant, we assume that this externality is sector-biased and only affects the formal economy.
We have: Combining these findings gives an elasticity of TFP to migration around 0.05. We assume that this externality is expressed as
where m denotes the proportion of migrants abroad (in our model, m is the product of the proportion of high-skilled by the proportion of emigrant, m = zP 1+z ), κ is the incidence parameter. The choice of this analytical form ensures that the TFP level remains positive when m = 0. The elasticity of TFP to the proportion of emigrants is thus given by κm 1+κm . We calibrate κ in such a way that this elasticity is equal to 0.05 when the proportion of migrants abroad equals 1.5%
(the average level observed in low-income countries); this gives κ = 3.5. This implies that A F decreases by 3.5m percent in the counterfactual with p = 0. In the second variant, we assume that the same diaspora externality operates in the informal sector with the same intensity (i.e., A I = A I (1 + κm)). As far as the low-skilled are concerned, the schooling externality plays a key role. On average, the loss of income increases by a factor of 4.4 when the externality operates in the formal sector only (Figure 4.a) , and by a factor of 5.0 when it affects both sectors of the economy (Figure 4 .c).
In countries with low human capital levels, the effect is multiplied by 10 to 15. These include the Gambia, Uganda, Sierra Leone, Ghana, Kenya, and to a lesser extent, Malawi and Mali.
The diaspora externality has smaller albeit non-negligible effects; it divides the income loss by 2 when the externality operates in both sectors (Figure 4 .e).
As for the high-skilled, the income gain is divided by ten when schooling externalities are accounted for (Figures 4.b and 4.c) . High-skilled workers experience average income losses in Benin, Botswana, the Republic of Congo, Guinea, Nigeria, Tunisia and Zimbabwe. On the contrary, the diaspora externality has much smaller effects (Figures 4.f) . high-skilled at each moment in time. In this extension, we endogenize ρ and let it respond to changes in skilled emigration. We assume that low-skilled workers can invest an amount E in training to increase the probability of joining the pool of high-skilled workers and earn higher income. The probability of success can be expressed as:
, which implies that reaching a probability ρ requires an investment of E(ρ) = aρ γ (i.e., the training cost is increasing in ρ).
To simplify the analysis, we disregard differences between formal and informal employees and assume that low-skilled workers choose ρ (or equivalently, E) so as to maximize the mean present value of income (net of training costs) in a coordinated way:
where
The first order condition for this maximization problem writes as
where the parameter γ governs the sensitivity of training decisions to income shocks.
We calibrate γ to be in line with the empirical literature on emigration and human capital formation. In line with Beine et al. (2008), we simulate the same shock on p (dividing p by 2) in all countries and compute the elasticity of ρ (our proxy for pre-migration human capital investment) to p as ∆ ln ρ ∆ ln p = −2∆ ln ρ. The empirical paper of Beine et al. (2008) provides an estimate of 0.05 for this elasticity. We thus choose γ in such a way that the mean elasticity -2∆ ln ρ in our sample equals -0.05. This gives γ = 9. Once γ is fixed, we calibrate the countryspecific level of the scale parameter a to match the benchmark level of ρ. We then add Eq. (19) into the model. Without shock, the pre-shock equilibrium is identical to that of the model with exogenous social mobility. In the counterfactual with p = 0, the extended model accounts for the change in training decisions. The first direct effect of setting p = 0 is that the asset value of (in)formal employment decreases. Then, general equilibrium effects operate through (in)formal employment and wages levels.
The results with endogenous social mobility are illustrated on Figure 5 . 
Concluding remarks
This paper investigates the implications of skilled emigration for a subset of sub-Saharan African countries. We develop a model with two classes of workers and two-sectors (formal and informal) producing a homogenous final good. In a competitive framework with perfect mobility across sectors, we show that the informal economy acts as a buffer zone that perfectly neutralizes human capital and emigration shocks. Skilled emigration increases the size of the informal sector but has no effect on income levels and inequality. Nevertheless, such a competitive model fails to explain the existence of persistent wage differentials between sectors as well as the presence of high-skilled workers in informality.
We thus develop an alternative search-and-matching model that is compatible with these facts, and we use it to revisit the welfare and inequality implications of the brain drain. Our quantitative analysis suggests that skilled emigration increases the income and formal employment levels of the highly skilled. On the contrary, it decreases the welfare of the low-skilled.
These welfare losses are highly heterogeneous across countries. This heterogeneity is mostly governed by cross-country differences in the training technology and in the relative productivity of the informal sector. Countries with low productivity differentials and good training technologies suffer more from the brain drain. In the other countries, emigration shocks are better absorbed by the informal sector. Our results are robust to identifying assumptions, to the inclusion of technological externalities, or to the endogenization of training decisions.
Supplementary Appendix
A Parameterization Table A1 reports the descriptive stats for the sample. Table A2 reports the calibrated value of parameters with country-specific variations, i.e. the set {A F , α, ψ, p, ρ, g, µ L , µ H }. Table A3 gives the cross-country correlation between these calibrated parameters. 
B Decomposition of baseline results Table A4 gives.the results of the decomposition of the expected income response for the lowskilled. 
C Robustness analysis
Robustness to parameter values. -Before explaining these cross-country differences in the labor market responses for the low-skilled, let us demonstrate that such heterogeneous responses are not driven by our calibration strategy. Most of our common parameters are calibrated in line with the existing literature, and the country-specific parameters are calibrated to match some moments. However, by using β = 0.7, we deviate from the vast majority of studies conducted for developed economies. In addition, in the absence of data on informal employment by education level, our baseline calibration arbitrarily assumes that i H /i L = 0.5 (i.e., the share of informal employment of the high-skilled is half of the low-skilled). Finally, when simulating the no-migration counterfactual, we assume that the absolute cost of posting a vacancy remains constant. On Figure A1 , we consider three alternative scenarios: (i) one with β = 0.5, (ii) one assuming i H /i L = 0.25 in the pre-shock economy, and (iii) one assuming k s = 0.4ω S in both pre-shock and counterfactual equilibria. Focusing on the employment and wage responses of the low-skilled, Figure A1 compares the baseline results from Figure 2 (on the horizontal axis)
with the alternative results (on the vertical axis). All other country-specific parameters are recalibrated to match the moments, in line with the last column of Table 1 . of the informal economy. The latter consists of employment that is free-entry, low wage, and undesirable relative to formal sector employment. The former consists of employment (either wage or self-employment) that is limited-entry and closer to formal sector employment. Still, the upper-tier sector mainly comprises small-scale, low-productivity, frequently family-based enterprises employing low-skilled workers (Maloney 2004 ). To assess the sensitivity of our results to the technological environment, we consider three alternative production functions for informal firms: (i) the first one is a linear production function with a constant productivity gap between high-skilled and low-skilled workers; (ii) the second one is a CES production function with an elasticity of substitution equal to 4 (σ I ); the third one is a CES function with σ I = 2. In all cases, the parameters are re-calibrated to match the average productivity of informal firms as well as the skill premium of the formal economy. -8,0% -6,0% -4,0% -2,0% 0,0%
